We report the observation of half-integer magnetic flux quantization in mesoscopic rings of superconducting β-Bi 2 Pd thin films. The half-quantum fluxoid manifests itself as a π phase shift in the quantum oscillation of the critical temperature. This result verifies unconventional superconductivity of β-Bi 2 Pd, in accord with the expectation of a topological superconductor. We also discuss the strong indication that β-Bi 2 Pd is a spin-triplet superconductor.
half magnetic flux quanta may exist in spin-triplet superconductors (SCs) [10] . The idea was later extended into the spin-singlet high-T c SCs [11] , and realized in YBa 2 Cu 3 O 7−δ tricrystals with delicately designed crystalline boundaries [12, 13] , which, in conjuncture with the corner SQUID experiments [14, 15] , pinpointed the d-wave pairing symmetry. However, the effect of half-quantum fluxoid (HQF) for polycrystalline spin-triplet SC loops, as in the original proposal, has never been experimentally demonstrated. More recently, experimental indications of a different HQF effect has been reported in the spin-triplet SC candidate Sr 2 RuO 4 [16, 17] . This phenomenon is believed to manifest itself as a splitting of the integer-quantization steps, which is energetically unfavorable unless certain special conditions are met [18] . It is not to be confused with the HQF effect proposed by GLB, in which case the half flux quanta of (n + 1 2)Φ 0 are energetically preferred over the integer ones of nΦ 0 .
The past decade witnesses the surging interest for the topological superconductors (TSCs), which may host Majorana fermions [19, 20, 21] . The TSCs are considered to have a profound connection to the spin-triplet pairing, or its mathematical equivalents [22, 23, 24] . Brought back to the spotlight are the triplet pairing hopefuls including Sr 2 RuO 4 and UPt 3 , both of which have attracted intensive interest for decades, including indications of HQF in SQUID devices comprising Sr 2 RuO 4 [25] . However, the experimental evidences still fall short for concluding spin-triplet pairing [20, 21, 26] . The search goes on in relatively new SC materials, including doped topological insulators, noncentrosymmetric SCs [20, 21] , as well as iron-based SCs [27] .
Of particular interest is β-Bi 2 Pd with a centrosymmetric tetragonal crystal structure [28] , which is reported to host spin-polarized topological surface states that coexist with superconductivity [29, 30] . One scanning tunnelling spectroscopy study, in particular, reports observation of Majorana bound states at the center of the vortices in epitaxial thin films [31] . Controversy persists, however, while other tunneling spectroscopy and calorimetric studies in bulk specimen suggest the conventional s-wave pairing mechanism [32, 33, 34] . We performed the Little-Parks experiment on mesoscropic superconducting rings fabricated on textured β-Bi 2 Pd thin films. The Little-Parks oscillations shift by one half of a period, or a phase of π, which is the experimental signature of the HQF predicted by GLB [10] . It is unequivocally evident that the superconductivity of β-Bi 2 Pd originates from unconventional pairing symmetry. The observation resonates with the expectation of a TSC. Our result strongly suggests that β-Bi 2 Pd is a spin-triplet SC.
The fluxoid Φ ′ of a superconducting loop is introduced by F. London as
where c is the speed of light, λ is the London penetration depth, and ⃗ j s is the supercurrent density [35] . It is shown that Φ ′ must take quantized values, with integral increments of a fluxoid quantum Φ 0 [35, 2, 4] . The fact that the applied magnetic flux Φ can take arbitrary values requires ⃗ j s to compensate it in order to maintain the quantized Φ ′ . This leads to the periodic oscillation of the free energy, or T c , in response to the applied magnetic field [5] . In ordinary cases, a circulating ⃗ j s is not required when the external field provides exactly Φ = nΦ 0 . Therefore the free energy of the superconducting state is the lowest; as a result, the T c is the highest.
The maximum of the free energy and the minimum of T c occur when n−Φ Φ 0 = ± 1 2 , as depicted in Fig. 1A . For unconventional SCs, the superconducting order parameter becomes anisotropic, retaining the symmetry which represents that of the underlying crystal lattices. It is possible, as suggested by GLB, that the phase factor of the complex order parameter will shift an additional phase difference of π along a path across the boundary of two crystal grains, inflicting a sign change in the corresponding free energy term [10] . An odd number of the π phase shifts accumulated around a superconducting loop will reverse minima and maxima of the total free energy . It is thus the maximum of T c , instead of the minimum, that occurs when n−Φ Φ 0 = ± Control samples with the same device geometries were patterned on 28 nm-thick thin films of Nb, which is a conventional s−wave SC. The temperature dependence of the device resistance is shown in Fig. 1D . A broadening of the transition width (∼ 1.5 K) as compared to that of the as-grown films (< 0.2 K) is typical for devices in similar dimensions that have undergone nanofabrication processes [7, 8, 37, 9, 17] . The Little-Parks effect can be observed when the sample is placed at a fixed temperature within the superconducting transition regime, where the variation of the T c manifests as a fluctuation of the resistance [5] . [38, 6, 39] . As a precaution against trapping vortices, the measurements were always performed after zero-field cooling from 10 K.
The Little-Parks oscillation of the β-Bi 2 Pd ring device is shown in Fig. 2A . The same oscil-lation period of ∼ 30 Oe is observed. The aperiodic background can be subtracted from the raw data, and the ∆R versus H oscillation is presented in Fig. 2B . The magnitude of the resistance oscillation translates to ∼ 0.015 K variations of T c , consistent with theoretical expectations for the Little-Parks effect [40] . In stark contrast with the case of Nb, however, Φ = nΦ 0 now corresponds to the resistance maxima (or the T c minima). The resistance minima and the T c maxima are instead observed when Φ = (n + 1 2)Φ 0 . The 1 2 Φ 0 shift of the free energy minima indicates that it is energetically preferred that fluxoid quantization takes Φ ′ = (n + 1 2)Φ 0 . When the external magnetic field is zero, the superconducting ring circulates a finite ⃗ j s to sustain one HQF, which accounts for the lowest T c and the highest free energy. The system is more energetically satisfied when the external field supplies ± In Fig. 3 we demonstrate the temperature dependence of the Little-Parks effect in β-Bi 2 Pd.
The π phase shift persists from the emergence of the Little-Parks effect at 2 K, through the highest temperature of 2.6 K, before the oscillation disappears presumably due to the loss of coherence over the length scale of the ring device. The lack of temperature variation suggests the predominance of the unique pairing symmetry that gives rise to the HQF, without any detectable dilution of possible s-wave components [41] .
In the following we discuss the implication of our experimental observations. The GLB HQF is an experimental signature for unconventional pairing mechanisms, not restricted to the p−wave pairing. In fact, HQF was first observed in d−wave SC tricrystals [12] . The orientations of the crystal boundaries had to be carefully designed; otherwise HQF would not exist [12, 13] . To our best knowledge, HQF has not been observed in polycrystalline specimens of high-T c SCs, although the Little-Parks experiment has been conducted on microstructured mesh of polycrystalline YBa 2 Cu 3 O 7 thin films [7] . In our experiment, on the other hand, HQFs are observed in the overwhelming majority of the β-Bi 2 Pd ring devices (Sections II and V of 
